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力目前尚不清楚。本论文以一株能广谱和高效地降解 2 至 5 环 PAHs 的革兰
氏阴性细菌—新鞘氨醇杆菌 US6-1（Novosphingobium pentaromativorans US6-1）
为研究对象，利用显微镜观察、基因组分析和基因差异表达分析等生物学手段研






内酯（AHLs），同时结合结晶紫染色法和荧光显微镜观察发现 US6-1 在降解 
BaP 过程中 1 d 内生物膜的形成能力逐渐增强，表现为生物膜的厚度和粗糙度
增加；我们还检测到菌株在降解 BaP 过程中产生胞外聚合物（EPS）的能力也增
强，表现为产生的胞外多糖和蛋白含量增多，说明 US6-1 在 BaP 胁迫下能够启
动多种生理应答行为。 
通过基因组分析我们发现，US6-1 可能存在三条群体感应调控通路，实时荧
光定量 PCR 结果显示 US6-1 在降解 BaP 过程中先后启动了三条群体感应调
控通路，其中基因 JI59_RS 07565（编码 AHLs 合成酶）的相对表达量与生物膜
量和胞外多糖含量均呈显著正相关（p<0.01 和 p<0.05），说明 AHLs 介导的群体
感应调控通路发挥着主导作用；同时由另外两条群体感应调控通路共同配合着调
控形成更为粗糙的生物膜结构并产生更多的 EPS。另外，US6-1 中存在多个功
能上类似 LuxR solo 蛋白的 LuxR 蛋白可接收来自双组分系统传递的信号，共

















解的影响，发现 5μg/mL 的 4-硝基吡啶-N-氧化物（4-NPO）能够在不影响菌体
生长的情况下显著抑制 AHLs 的产生；而且其对菌体降解 BaP 的能力也产生了
影响，在添加 4-NPO 时菌体对 BaP 的降解能力显著下降，表明 AHLs 对 BaP 
的降解具有一定的促进作用。 
综合以上结果，我们认为新鞘氨醇杆菌 US6-1 在降解 BaP 过程中通过启























For a long time, polycyclic aromatic hydrocarbons (PAHs) pollution abatement 
has become the hot topic in environmental science. Bioremediation is considered to be 
the main way to remove PAHs in the environment because of its high degradation 
ability and friendly to environment. In recent years, people have made progress in 
screening efficient degradation bacteria and exploring the metabolism of PAHs. 
However, how the bacteria to contact with each other under the PAHs stress is still 
unclear. In this research, a Gram-negative bacterium, Novosphingobium 
pentaromativorans US6-1, which is capable of degrading 2 -ring to 5-ring PAHs, was 
choosed to study the quorum sensing system and its function on intercellular 
information exchange in the process of PAHs degradation using microscopic 
observation and genome analysis. The main results are as follows: 
Firstly, a variety of bacterial stress response including cell shrinkage, aggregation 
and extracellular secretion were found in the process of benzopyrene degradation using 
transmission electron microscopy, scanning electron microscopy and fluorescence 
microscopy. 
Secondly, the AHLs signal molecules was detected in strain US6-1 by report plate. 
It was found that strain US6-1 increased biofilm formation during the BaP degradation 
process of 1 d. The ability to increase the performance of the biofilm thickness and 
roughness was measured using crystal violet staining and fluorescence microscopy. 
Meanwhile, the ability to increase the extracellular polysaccharide and protein further 
indicated that US6-1 started a variety of physiological response under the BaP stress. 
Three quorum sensing pathways were observed in US6-1 with the genome 
analysis. Real-time quantitative PCR results show that US6-1 has started three quorum 
sensing pathways in the process of BaP degradation. It was found that relative 
expression of gene JI59_RS07565 significantly correlated to the biofilm formation and 
EPS production(p<0.01 and p<0.05). The result indicated that AHLs-QS pathway palys 
















rough biofilm and more EPS. In addition, several functions similar to LuxR solo protein 
were detected in US6-1. LuxR protein can receive signals from the two-component 
system to participate in the process of physiological regulation of US6-1 for 
degradation of BaP . 
In this research, the function of quorum sensing on the degradation of BaP was 
measured using quorum sensing inhibitor. It was found that 5 μg/mL 4-nitropyridine-
N-oxide (4-NPO) could significantly inhibit the production of AHLs without affecting 
the growth of the cells. The degradation rate of BaP decreased significantly when 4-
NPO was added, which indicated that AHLs has effect on the degradation of BaP. 
The above results suggest that Novosphingobium pentaromativorans US6-1 
started the QS system to control the formation of biofilm and EPS so that the strain 
enhanced the adsorption of PAHs and achieved PAHs degradation. The results of this 
study provide a basis for revealing the mechanism of US6-1 response to PAHs at the 
population level, and also give a theoretical basis for establishing the strategies of PAHs 
bioremediation in the future. 
 


















1 多环芳烃降解的研究概述   
1.1 PAHs 的分类及其危害 
多环芳烃（Polycyclic Aromatic Hydrocarbons，简称 PAHs）是指一类含有 2
个或 2 个以上苯环，以线状、角状或簇状排列的稠环型化合物，熔点和沸点较
高，具有疏水性强、蒸气压小、辛醇—水分配系数高等特点[1]。PAHs 可根据苯
环数目的多少进行分类，如图 1.1 所示，苯环数≤3 的属于低分子量 PAHs
（LMWPHAs），苯环数＞3 的属于高分子量  PAHs（HMWPAHs）。其中 
LMWPHAs 通常呈直线排列（如 Naphthalene 和 Anthracene）和角状排列（如
Phenanthrene）；而 HMWPAHs 则为结构更复杂的稠环烃（如 Benzo[a]pyrene）。 
 
 
图 1.1 多环芳烃的种类 
Fig. 1.1 The classification of polycyclic aromatic hydrocarbons 
资料来源：Abdel-Shafy, Hussein I. A review on polycyclic aromatic hydrocarbons: Source,  
environmental impact, effect on human health and remediation. 







































2.1降解 PAHs 的微生物 
自然环境中存在着大量能够降解 PAHs 的微生物，研究表明，微生物种类繁
多、生长代谢速率高，因此其具有较强的分解代谢 PAHs 的能力。目前已报道的


















藻类，如表 1 所示。 
 
表 1 降解高环多环芳烃的微生物 


















Bacteria Mycobacterium sp.[8] +  +  + 
 Pseudomonas putida[9] +  + +  
 Rhodococcus sp.[10] + + +  + 
 Acinetobacter calcoaceticus[11] + + +  + 
 Gordona sp.[12] +  +   
 Sphingomonas sp.[13] + + + + + 
 Burkholderia cepacia[14] +  +  + 
 Pseudomonas sp.[15]  + + + + 
 Bacillus sp.[16]  +  + + 
 Micrococcus sp.[17]  +    
 Novosphingobium indicum 
sp.[18] 
+    + 
 Novosphingobium 
pentaromativoransUS6-1[19] 
+    + 
  Novosphingobium sp. PP1Y[20] +     
Fungi Cunninghamella elegans[21] +  + + + 
 Pleurotus ostreatus[22] +  +  + 
 Penicullium sp.[23, 24] + + +   
 Trammetes versicolor[25] +    + 
 Penicillium janthinellum[23] + +  + + 
 Nematoloma frowardii[26] +    + 
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